Lithospheric removal, in the form of detachment, foundering, or peeling away of the lithospheric mantle with or without lower crust into the convecting mantle, has been predicted by various geodynamic models (1) (2) (3) (4) and may have important geochemical implications (5, 6) . For lack of a better term, these forms of lithospheric removal are referred to here as "delamination" in order to distinguish them from lithospheric removal associated with extension or upwelling-induced erosion (7). Finding direct evidence for delamination is difficult: although delamination is predicted to cause increased magmatism, changes in magmatic composition, high elevations, high rates of uplift, and low P n velocities (8) (9) (10) (11) (12) , these phenomena can also be explained by extension or active upwelling. The extinct Mesozoic Sierra Nevada arc is one place where removal of the underlying subcontinental lithospheric mantle (SCLM) has been proposed. The Sierra Nevada is characterized by high elevations, low P n velocities (9) (10) (11) , and variable xenolith assemblages (12) . The latter have been interpreted to reflect delamination of an eclogitic lower crust (12) . Because the Sierra Nevada was built on Proterozoic lithosphere, as evidenced by radiogenic Sr and ϳ1.6 Ga Sm-Nd model ages in batholithic rocks (13, 14) , the present Sierran SCLM should be young if delamination occurred during or after arc formation. However, many Cenozoic basalts [18 million years ago (Ma) to the present] erupted throughout the Sierra Nevada and western edge of the Great Basin have high 87 (26) and Fig. 1 ]. Big Creek peridotites derive from depths between 35 and 100 km and can be divided into a shallow group (Ͻ45 to 60 km) and a deeper group (45 to 100 km); the former shows evidence for heating; the latter shows evidence for cooling (Fig. 2) . The shallow group consists of spinel peridotites, which originated from depths less than ϳ45 to 60 km, based on the absence of garnet (27). These peridotites contain orthopyroxenes that are either homogeneous or show CaO-enriched rims. Core equilibration temperatures range between ϳ670°and 740°C, whereas the higher Ca rims yield temperatures up to 900°C (28). The deeper group consists of both garnet and spinel peridotites, all of which contain orthopyroxenes with high CaO cores (up to 0.8 weight %) and low CaO rims (0.18 weight %). This reverse zoning reflects cooling from Ͼ1100°C to 700°to 800°C (28). Pressures of equilibration for the garnet-bearing samples are between 2.2 and 3.2 GPa, or depths of ϳ66 and 100 km, respectively (28, 29). Oak Creek peridotites are exclusively spinel peridotites derived from depths shallower than 45 km, were hot (1000°to 1100°C), and have homogeneous mineral compositions (12, 28) .
The Big Creek peridotites exhibit a wide range in bulk compositions ( Thermobarometric and isotopic data thus allow us to determine the age and thermal structure of the central Sierran SCLM at the time the xenoliths were sampled. Original SCLM was removed below ϳ45 to 60 km and replaced by asthenospheric mantle sometime before 8 Ma (age of Big Creek diatreme). This mantle subsequently cooled from near-adiabatic to near-lithospheric tem- Fig. 2 . Pressure-temperature (P-T ) diagram with thermobarometric results (28); pressure in gigapascals. Big Creek peridotites can be divided into two groups: a deep group (Ͼ45 to 60 km), consisting of garnet and spinel peridotites, characterized by orthopyroxenes zoned from high CaO cores to low CaO rims, and a shallow group (Ͻ45 to 60 km), consisting of spinel peridotites, characterized by either homogeneous orthopyroxenes or orthopyroxenes zoned from low CaO cores to high CaO rims. The deep peridotites show cooling from temperatures Ͼ1100°C to ϳ750°C, whereas the shallow peridotites are cold (670°to 740°C; square) and may show heating up to 900°C. Inset shows CaO zonation in orthopyroxene grains (versus distance away from contact with clinopyroxene) in some Big Creek xenoliths (thin line, deep xenoliths; thick line, shallow xenolith). Arrows connect core to rim temperatures in the deep Big Creek xenoliths. Oak Creek peridotites are hot and homogeneous (filled square at ϳ1050°C). Large black arrow represents a possible P-T path that the deep Big Creek xenoliths may have taken in order to satisfy the high core temperatures and the high olivine Mg#, which indicate that they are residues of melting. Solidus curves and spinel-garnet transitions are from references (27) and (49) . Sierran geotherm based on ϳ40 mW/m 2 surface heat flow (50). peratures, as evidenced by zoned orthopyroxenes. The Sierran crust is presently ϳ35 km thick (11) . If the original Sierran lithosphere was at least 100 km thick, then the lower ϳ60 to 85% of the original central Sierran SCLM was removed, leaving behind only a sliver of ancient mantle beneath the Moho, which experienced heating.
Removal of SCLM can be accomplished by thermal erosion associated with a rising plume head, by extensional thinning of the lithosphere (and associated mantle upwelling), or by processes related to contractional tectonics [e.g., foundering of lithosphere during thickening, peeling of lithosphere, shearing away of lithosphere during shallow subduction, or erosion of lithosphere induced by flow in the mantle wedge above a subducting slab (1-5, 7) ]. The lack of evidence for a plume in this region of southwestern North America argues against the plume erosion model, leaving the last two mentioned as possibilities.
In principle, both extensional and contractional forms of lithospheric removal can produce the young Re-Os model ages and the thermal histories observed in the deep Big Creek xenoliths. Cessation or slowing of extension results in incorporation of asthenospheric mantle into the SCLM by conductive cooling. In the contraction-related removal hypothesis, lithosphere is removed faster than thermal reequilibration (1-4), and hot asthenospheric mantle, which rises to fill the region vacated by SCLM removal, cools as it impinges on the surrounding cold lithosphere. Both processes also result in melting and generation of refractory residues as asthenospheric mantle upwells adiabatically into the region of thinned lithosphere.
Determining the timing of SCLM removal would help distinguish between these processes. Extensional events in southwestern North America are recognized during two periods: mid-to latest Proterozoic continental breakup (32) and mid-to late Cenozoic extension in the Basin and Range (33) . Contractional removal might occur in association with compressional deformation during the Mesozoic or low-angle subduction in the early Cenozoic (34) .
Zoned orthopyroxenes in the central Sierran xenoliths provide an estimate of the maximum residence time of these radiogenic peridotites. Calcium diffusion length scales are 0.2 to 0.3 mm. Assuming residence temperatures of ϳ800°C (final equilibration temperatures based on rim-rim contacts using two-pyroxene or garnet-pyroxene thermometers), and a diffusion coefficient for Ca in orthopyroxene at 800°C of ϳ10 Ϫ23 m 2 /s (35), the diffusion profiles would be erased within 100 to 300 Ma of their formation. This argues against a Proterozoic removal event. A minimum age of lithospheric removal can be estimated by calculating the cooling time of the new lithosphere. Assuming the lower Os range for modern convecting mantle (20) . Lines 1 and 2 represent different estimates of the present day 187 Os/ 188 Os of primitive upper mantle (20, 22) . Right axis shows Re depletion ages (20) . Arrow points toward an unusually radiogenic garnet-bearing spinel lherzolite from Big Creek (sample 1026V ); unlike other samples, this sample contains abundant sulfides.
80% of the lithosphere cooled from ϳ1300°C to 800°C and a thermal diffusivity of 10 Ϫ6 m 2 /s, finite-difference models require at least a few tens of millions of years to cool to the temperatures recorded in our samples (28). Basin and Range extension is believed to have peaked between 10 and 15 Ma in western Nevada and eastern California (33) . Thus, the cooling history recorded in the Big Creek xenoliths (brought up by an 8.3 Ma diatreme) cannot be related to Basin and Range extension.
The above observations are consistent with rapid SCLM removal associated with contractional tectonics. In this scenario, rapid removal of lower lithosphere (beneath 45 to 60 km) resulted in passive upwelling of asthenospheric mantle, which melted adiabatically (as evidenced by elevated olivine Mg# and low clinopyroxene Na 2 O), and subsequently cooled against the remaining, cold lithosphere, which was heated slightly. The time constraints discussed above suggest that removal was associated with Mesozoic arc formation or with early Cenozoic low-angle subduction. Because low-angle Cenozoic subduction apparently resulted in the cessation of magmatism in the Sierra Nevada (34 ) and because many of the Big Creek xenoliths are residues of partial melting, it is more likely that removal occurred during the arc event. Although our observations constrain the tectonic environment for lithosphere removal, our data do not allow us to determine the precise mechanism by which removal occurred. Mesozoic removal of SCLM could have been accomplished by foundering, peeling, or active erosion associated with flow in the mantle wedge beneath the Sierran arc.
The removal of mantle lithosphere documented here was probably not accompanied by lower crustal delamination, because a thin sliver of ancient mantle is preserved beneath the Moho. This ancient mantle may be the source of the isotopically enriched Cenozoic basalts observed in the eastern Sierras, although the refractory composition of the former (which the Os systematics establish as Proterozoic in age) would argue otherwise. Alternatively, the enriched Sr and Nd isotopic signatures of these basalts could have been inherited from mantle that was overprinted by a fluid/melt derived from subducted crustal material (36) .
Finally, mantle xenoliths from the high Sierra (Oak Creek) are hot and fertile, in contrast to the cooler and variably depleted central Sierran samples. These observations could reflect removal of SCLM from beneath the high Sierra in the Pliocene, consistent with delamination of the lower crust and SCLM in this region (37 ) or thermal erosion associated with active upwelling (38 Os, which is not seen. We also rule out addition of radiogenic Os by aqueous fluids, as suggested for some arc peridotites (44) because our samples, unlike the latter, have high Os contents (1.2 to 4.3 ppb). In addition, these arc-peridotites have high oxygen fugacities (ϩ0.5 to ϩ1.5 log units), hydrous minerals (45) , and are light rare-earth element-enriched. In our samples, hydrous minerals are rare ( present in only two samples), spinel peridotites have oxygen fugacities between -1.13 and ϩ0.18 log units of the quartz-fayalitemagnetite buffer (46) , and rare-earth element patterns range from light rare-earth-depleted to only slightly enriched (Big Creek, R. Kistler, personal communication). Only sample 1026V with
